New World tetraploid cottons (Gossypium spp.) originated through hybridization of ancestral diploid species that presently have allopatric ranges in Asia-Africa (the A genome) and the New World tropics and subtropics (the D genome). Despite intensive study, the identity of the parental diploids and the antiquity of polyploidization remain unresolved. In this study, variation in the maternally inherited chloroplast genome was assessed among species representing both of the parental genomes and the tetraploids. Approximately 560 restriction sites were assayed in each accession, representing sequence information for about 3200 nucleotides. The resulting maternal phylogeny has no convergent restriction site mutations and demonstrates that the cytoplasm donor for all tetraploid species was an A genome diploid with a chloroplast genome that is similar to Gossypium arboreum and Gossypium herbaceum. No mutational differences were detected between these two species, and few mutations distinguish the chloroplast genomes of A genome diploids from those of tetraploid taxa. In contrast to expectations based on extensive taxonomic, geographic, and genetic diversity, a surprisingly low level of sequence divergence has accumulated subsequent to polyploidization. Chloroplast genomes of tetraploid species are distinguished from each other by between one and six apparent point mutations. The data suggest that tetraploid cotton originated relatively recently, perhaps within the last 1-2 million years, with subsequent rapid evolution and diversification throughout the New World tropics.
The cultivated cottons and their wild relatives (Gossypium spp.) have played an important role in the history of plant cytogenetics and speciation theory. Current classifications (1) (2) (3) recognize approximately 42 species distributed throughout the warm arid regions of the world, comprising either 5 or 6 tetraploid taxa and about 36 diploid species divided into 7 cytogenetic groups or "genomes" (4) . Included in the genus are the morphologically diverse and geographically widespread cultivated cottons, consisting ofthe AsianAfrican diploids Gossypium arboreum L. and Gossypium herbaceum L. (2n = 26) and the New World tetraploids Gossypium barbadense L. and Gossypium hirsutum L. (2n = 4x = 52). Pioneering cytogenetic investigations by Beasley (5) , Skovsted (6, 7) , and others demonstrated that the New World tetraploid cottons are allopolyploids containing one genome of the Old World diploids (the A genome) and one genome similar to those found in New World diploids (the D genome). This textbook example of allopolyploid speciation has been studied and corroborated from many perspectives (4) ; yet the identity of the ancestral parental taxa remains unresolved. An intriguing aspect of this problem stems from the extreme allopatry of extant A genome and D genome species, which occur on opposite sides of the world. Among the 13 New World diploids, most authors consider a species similar to Gossypium raimondii as the likely D genome donor (8) (9) (10) (11) (12) . Others invoke the involvement of Gossypium klotzschianum (13) or Gossypium trilobum (14) in the parentage of at least some of the tetraploids. There is also uncertainty regarding the identity ofthe A genome donor. Genomes ofthe only two A genome species, G. arboreum and G. herbaceum, differ from the A subgenome of the New World tetraploids by three and two translocations, respectively (15, 16) , suggesting that G. herbaceum is more representative of the A genome donor.
Recognition of ancestors is complicated by the fact that the tetraploids are highly heterogeneous inter se. Their composite geographical range includes Hawaii (Gossypium tomentosum Nuttall ex Seeman), the Galapagos Islands (Gossypium darwinii Watt), other Pacific Islands, and most of Central America, tropical parts of South America, and the Caribbean. In addition, they encompass a wealth of taxonomic, physiologic, and morphologic diversity (1, 4) . This diversity has led to suggestions that the tetraploid taxa originated more than once (13, 14, 17) and/or has been considered prima facie evidence that their origin is ancient (18) . In this regard, the literature contains a plethora of scenarios concerning the time and place of origin of the tetraploids (1, 4, 9) .
In this paper, the evolution of tetraploid cottons is reexamined using variation in restriction enzyme cleavage sites in the chloroplast genome (19) (20) (21) (22) . In addition, a chloroplast DNA (cpDNA) phylogeny is presented and estimates of sequence divergence among taxa are provided. These data suggest several conclusions regarding the antiquity of origin of the tetraploids and their subsequent diversification.
MATERIALS AND METHODS
Plant Materials. Genomic DNAs were isolated from individual plants of the accessions listed in Table 1 . These accessions include both A genome diploid species, 10 of the 13 described D genome diploids, and all 5 amphidiploid taxa [6, after Fryxell (1) , who elevated G. hirsutum race palmeri to specific status as Gossypium lanceolatum]. Wherever possible, "primitive" representatives of cultivated taxa were selected for analysis-e.g., the three accessions of G. hirsutum include the wild (or feral?) race yucatanese, race palmeri, and the primitive land race hopi. Similarly, G. herbaceum spp. africanum (Watt) Mauer was selected as it represents the only wild (or feral) A genome taxon (1, 23) . Voucher specimens of all accessions are deposited at the Ada Hayden Herbarium at Iowa State University.
cpDNA Analysis. Total plant DNA was purified from leaves using a modification of the CTAB (hexadecyltrimethylammonium bromide) procedure outlined in Doyle and Doyle (24) . Fresh leaves (1 g) were powdered in liquid nitrogen and stored at -70°C until extraction. Subsequent steps were as described in Doyle and Doyle (24) , except that DNAs were not precipitated from the chloroform-extracted aqueous phase; rather, CsCI density gradient centrifugation was reAbbreviation: cpDNA, chloroplast DNA.
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RESULTS
Size and Structure of the Gossypium Chloroplast Genome. Although formal mapping studies were not conducted, a size of 150 ± 5 kilobases (kb) for the Gossypium chloroplast genome was estimated by averaging the total of fragment sizes for all probes across several restriction enzymes after correcting for hybridization overlap with adjacent probes. Results to date also suggest that the Gossypium chloroplast genome is colinear with Petunia with a conventional organization (19) (20) (21) in that it is partitioned into large and small single copy regions (unpublished data) separated by an inverted repeat of =25 kb (30) .
cpDNA Polymorphism and Phylogeny. The 26 cpDNAs of Table 1 were examined for mutations with 25 restriction endonucleases. Totaled across enzymes, -560 restriction sites were assayed for variation, representing sequence information for -3200 nucleotides, or -2.1% of the total genomic sequence. Two types of mutations were inferred from the hybridization profiles, loss/gain of restriction sites (probably caused by base substitutions), and insertion/deletion events (length mutations). All 26 cpDNAs appear to be colinear, as judged by the lack of apparent structural rearrangements. A total of 78 mutations were interpreted as loss or gain of restriction sites. These interpretations were straightforward in that the additive pattern of fragment sizes expected from restriction site loss/gain mutations was observed in each case (Fig. 1 Table 3 ). No differences were observed among the 4 accessions of A genome cottons, despite the fact that they represent the aggregate morphological range of extant A genome taxa. Similarly, a low level of polymorphism (only 7 mutations) was observed among the tetraploid cottons (mutations 6-12 in Table 3 ). Because of the lack of mutational differences among the A genome accessions, the data cannot address whether G. arboreum or G. herbaceum was the more likely ancestral cytoplasm donor.
The 12 restriction site mutations detected among the A genome and tetraploid cottons (Table 3) were treated as discrete two-state characters for phylogenetic reconstruction. Character states were polarized with respect to the outgroup taxa (1) Cienfuegosia welshii (T. Andersson) Garcke and Thespesia populnea (L.) Solander ex Correa. A Sytsma and Gottlieb (28) . Fragment sizes are in kb; in several cases, smaller fragments (<300 base pairs) were inferred rather than visualized. *Interpreted as two restriction site mutations.
tAn additional mutation in G. aridum results in this fragment being cleaved into 2.2-and 0.1-kb fragments. Wagner parsimony tree (Fig. 2) was manually constructed from the 7 phylogenetically informative mutations. Five of the 7 mutations serve to distinguish Old World diploids from New World tetraploids; the other 2 synapomorphies define a species pair consisting of Gossypium barbadense and the Galapagos Island endemic G. darwinii. The Hawaiian endemic G. tomentosum, Gossypium mustelinum from northeastern Brazil, and the widespread G. hirsutum form an unresolved trichotomy. The remaining 5 mutations represent derived character states (autapomorphies) that are unique to individual species.
Inheritance of cpDNA. To establish whether the similarity among the chloroplast genomes of the A genome and tetraploid species is paternal or maternal in origin, it is necessary 11 12 G. hirsutum (33) .
The absence of mutational differences among cpDNAs of G. arboreum and G. herbaceum precludes an assessment of which species is more representative of the ancestral plastid donor. Most authors consider G. herbaceum to be closer to the donor of the nuclear A genome (1, 4, 9, 15, 16) . Additional insights into the identity of the plastid donor of tetraploid cottons may come from ongoing isozyme surveys, where species-specific markers have been found (unpublished data).
Perhaps the most surprising result of this study is the extremely low level of cpDNA evolution observed among the tetraploid cottons and the limited divergence of their chloroplast genomes from those of their progenitor. Approximately 560 restriction sites were surveyed in each accession of the tetraploids; yet no mutations were found among accessions within any taxon, and interspecific variation was limited to a total of only 7 mutations among the 5 species (Table 3) . Moreover, only 5 additional mutations distinguish these cpDNAs from the chloroplast genomes of G. arboreum and G. herbaceum. This low level of mutational novelty allows a simple phylogenetic tree to be drawn that is devoid of homoplasy (Fig. 2) ; all topographical uncertainty in the tree is located in branch termini as a consequence of the absence of characters. These results stand in marked contrast to the enormous morphological variability and widespread geographical range of the tetraploid species (1, 4, 8, 34, 35) .
Between 5 and 9 restriction site mutations distinguish the tetraploid taxa from G. arboreum and G. herbaceum (Fig. 2) , corresponding to a range of sequence divergence values (36) of 0.15-0.27% (Table 4) , with a mean of 0.20% (±0.06%).
Comparisons among tetraploid taxa give estimates that range from 0.03% to 0.18% (mean, 0.10% ± 0.04%). These values are comparable to those reported for other genera that are suspected to have recently diversified, including Zea (25) and Pennisetum (37) and to progenitor-derivative or closely related species pairs in Brassica (38) , Clarkia (28, 39) , Lycopersicon (40) , and Pisum (41) . In contrast to the slight sequence divergence among these chloroplast genomes, an average of 37 mutations (those of Tables 2 and 3, plus 38 others distributed among D genome taxa) distinguish cpDNAs of the tetraploids and Old World diploids from those of any one D genome diploid species. The resulting sequence divergence estimate of -1.1% is similar to values obtained for more distantly related species within genera (e.g., see ref. 28) .
These data allow previous ideas concerning the antiquity of origin of allopolyploid Gossypium to be reexamined. Views on this subject vary widely, from proposals of a Cretaceous origin (4, 6, 42) , with subsequent allopatry of genomic groups arising from separation of the South American and African continents >100 million years ago, to suggestions of very recent origins in archeological times involving transoceanic human transport (8, 14) . The observation of only 12 mutations out of a total of 3920 restriction sites assayed among 7 species of A genome and tetraploid cottons, and the concomitant low estimates of sequence divergence, suggest that the initial hybridization and polyploidization events that led to the evolution of tetraploid cotton were relatively recent. While formal methods are lacking for the estimation of divergence times from sequence divergence values calculated from restriction site data, substitution rates have been estimated for several chloroplast genes; these are between 0.12% and 0.16% per million years (43, 44) . It is not clear that nucleotide substitutions accumulate linearly over time or at equivalent rates among plant lineages, nor is it known whether substitution rates calculated from information on specific gene sequences are applicable to data derived from restriction enzyme analysis of entire chloroplast genomes. If, however, these potential sources of error prove to be unimportant, then the time of origin of tetraploid cottons may be estimated. Assuming an average sequence divergence rate of 0.14% per million years and a sequence divergence estimate of 0.20% ± 0.06% (range, 0.15-0.27%), tetraploid Gossypium would have originated 1.43 million ± 430,000 years ago (range, 1.1-1.9 million), in the mid-Pleistocene. Sequence divergence between A genome and D genome diploids is -5.5 times as great, suggesting a divergence time of 6-11 million years for the respective parental lineages.
Evolution: Wendel Proc. Natl. Acad. Sci. USA 86 (1989) Several assumptions underlie these calculations and it should be stressed that the divergence time estimates are approximations. Nonetheless, the low level of sequence divergence between plastid genomes of the Old World diploids and New World tetraploids seems inconsistent with an ancient (Cretaceous) origin of the tetraploids, unless cpDNA sequence evolution is unusually slow in this lineage; rather, it suggests that tetraploid formation occurred relatively recently, perhaps within the last 1-2 million years. This recent an origin is also consistent with suggestions based on cytogenetic (9) and ecological evidence (1). In particular, Fryxell (1) speculates, based largely on habitat and distributional differences between tetraploid and diploid Gossypium species, that the initial allopolyploid had a Pleistocene origin. In contrast to the majority of diploid species, tetraploids typically occur in coastal habitats, at least those forms that arguably are truly wild. He suggests that adaptation of the newly evolved allopolyploid to littoral habitats enabled it to exploit the fluctuating sea levels that characterized the Pleistocene. If this view is correct, as the cpDNA data suggest, then evolutionary diversification and spread of the tetraploid taxa after polyploidization has been relatively rapid. This interpretation would not be unprecedented, as others have noted an "uncoupling" of molecular and morphological evolution with respect to both cpDNA (28, 39) and isozyme (45) (46) (47) divergence.
